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ABSTRACT 
Experiments have shown that exhalation 
from one person is able to penetrate the 
breathing zone of another person at a 
distance. Computational Fluid Dynamics 
(CFO) is used to investigate the 
dependency of the personal exposure on 
some physical parameters, namely: 
Pulmonary ventilation rate, convective heat 
output, exhalation temperature, and cross
sectional exhalation area. Full-scale 
experimental results are used to 
calibrate/validate the CFD model. 
Respiration, although an inherently 
transient phenomenon, is simulated by 
steady-state CFD with reasonably good 
results. Different geometries and grid 
distributions are tested to see what level of 
complexity is necessary. To further 
evaluate the experimental results, the CFD 
simulations are then used to perform 
parameter variations. The simulations 
show that the simulated personal exposure 
is very sensitive to variations in the 
convective heat output of both the exposed 
person and the exhaling person, and in the 
cross-sectional exhalation area and the 
pulmonary ventilation rate of the exhaling 
person. 
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INTRODUCTION 
A subject which has not yet been studied 
thoroughly is the dispersion of 
contaminants from the human exhalation, 
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and the interaction talcing place between 
respiration and the convective boundary 
layer flow induced by the human body. 
These phenomena are important when 
trying to understand and predict the flow 
fields and the resulting contaminant 
distributions in displacement ventilated 
rooms, and may also be interesting with 
respect to contaminant control in hospitals 
and clinics, in situations with passive 
smoking, and in the general improvement 
of indoor air quality. In the present study, 
focus is on situations where two persons 
are close to each other, so that the 
exhalation of one person can penetrate the 
breathing zone of another person. 

Aims 
The simulations presented in this paper are 
intended to complement a series of full 
scale experiments made in a displacement 
ventilated test room (Bj!21m and Nielsen 
1996). In these experiments, two breathing 
thermal manikins were used: manikin no. l 
acted as contaminant source, breathing 
directly towards the face of manikin no.2. 
Tracer gas N20 was added to the 
exhalation, and manikin no.2 was used for 
measuring personal exposure. Manikin 
no.1 exhaled through either nose or mouth, 
and different distances between the two 
manikins were tested. The main results of 
the measurements are shown together with 
simulated results in figures 8, 10 and 12 in 
this paper. The principal aim of these 
simulations is to assess the sensitivity of 
the physical situation to variations of 
different parameters. This will assist in the 
evaluation of the experimental results. 



METHODS 

TheCFDcode 

: \ . 

A commercial CPD code named 
FLOVENT is used. The code uses a 
standard finite volume method, the k-E 
turbulence model with logarithmic wall 
functions, rectangular struclured grid, the 
hybrid discr�tisation scheme, and the 
SIMPLE solving algorithm, see Patankar 
(1980). 

,,· 

Geometry 
The geometry of . the test ·room and ·the 
experimental setup is syminetrical. For 
saving CPU time, only half of the room 
and half of the manikins . .are ·siiiiulated, see 
figure · I. The symmetry . plane is ; 'an 

. adiabatic,,friKtionless· walL , 

To test the importance of the geometrical 
modelling of a human being, two different 
types of computer simulated persons 
(CSPs) are compared: 1) a simple box, and 
2) a moqef with �eparate head; torsq, and 
legs (see figbre 2 and tabie 1). These two 
models have been used' before by Bi:ohus 
and Nielsen ( 1996), Brohlis (1997). The 
surface. area is 1.62 mz. This is the surface 
area that is in contact with the·ambient air. 
The area in contact with the floor is not 
included, and there is no heat conduction 
from the CSP to the floor. 

The present CSPs differ from those used by 
Brohus and Nielsen (1996) by having a 
"mouth", which is used as an inlet for CSP 
no. I and as an exhaust for CSP no.2, thus 
simulating the effect of exhalation and 

inhalation, respectively. The centre of the 
mouth is placed at the height of 1.5 m 
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Figure· l! Geometry of test' room, location 
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of CSPs, inlet, and exhaust. 
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Figure 2: �i�ple and detailed CSP. 

T bl 1 D" fC s· a e . unens1ons o omputer llllU ate ersons m m . . dP [ ] 
Simple CSP Detailed CSP 

Bodv part: x y z x y z 
Torso 0. 16216 0.3 1.7 0.14429 0.3 0.67 

Lei - - - 0.14429 0.105 0.8 
Head - - - 0.18 ' 0.13 ' 0.23 
Mouth J -;.. ;. 0.0106 0.0106 - :0.0106' ' 0;(>106 
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Grid Size 1 :' 

Boundary conditions 
The solution will change with grid size. Convective heat fluxes 4>, temperatures T, 
The discretisation error is of the first order mass '· flow rates m, 'and contaminant 
of cell size. Theoretically, the solution will concentrations c are· prescribed (see table 
move asymptotically towards a "grid 2). Heat exchange by radiation is 
independent" solution (being the analytical disregarded (since the flow is dominated 
solution of the differential. equations). It iS: by convection), and the convective heat 
however not possible to say befOreharid output of the CSPs is assumed td·be 50% 
exactly just how fine 'the grid should be, or ,.. of �� total heat output of the manikins, 
how large the de,�iations will bei A excluding the exhalation. The constant 
systematic investigation into this problem flow rate and temperature of the exhalation 
is very time consuming, so it has only b�en is a simplification compared to n:·ality, 
dealt with for one situation. The results where , the exhalation :.·shows a pulsating, 
have then been ·used as a guideline for the intermittent behaviour. The mass flow rate 
rest of the situations. The distance to the. of 3.77 x 104 kg/:; js the maximum , 
first grid line is .. u)' cm from all surfaces. instantaneous .flow rate of ( a person' 
This is an\appropriate distance with regard breathing 6 liters pr. minute at a rr6quency 
to the calculation of fhe conv�tive heat :J," of 10 breaths pr minute, assuming a. 
transfer co�fficient "(Brqbus (1Q�7)). !· sinusoidal variation of the flow rate. 

Table 2: Boundary conditions .. , , 

ClJ rwtm2l 
T r0c1 
m [kg/s] 
c [g!kg air] 

External boundaries C.SP.nol I 'CSP no.r 
floor ceiling ·Walls inlet exhaust �nlet· surface e;xhaust surface 
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FJgure 4� Temperature field, x-z plane, y = 0. Temperatures larger th1p1 24.5°C 
' I 

appear as white. , , 

· 

RESULTS 
In all simulations, physically realistic 
results are obtained (see example-in fi�ures 
3 and 4), i.e. the flow is quite similar to 
reality. · The simulated personal exposure, 
howe1•er; is very sensitive to details. 

Grid ·independence 
An investigation was m11.de · to assess the 
optimum number of grid pqints for the 
simulatinns. ·The investigations . · were 
limited to a situation with horizontal 
exhalation through the mouth of one CSP 
and a mutual distance .£\x = 0.4 m. 
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The exposure Ce, i.e. the concentration 
inhaled by CSP no.2, is simulated. In: the 
following tbe·. exposure is made 
dimensionless by dividing with the return 
concentration ca. In the ·equivalent full
scale experiment, cJca = 6.90. 

Figure 5 shows that we can not be 
completely sure that grid indepehdence· is 
reached, even for the rather Jarg-e number 
of 400,000 grid points, but the results 00 
seem· to be· reaching .an asymptotic;al 
solution. However, when the nuinber is 
below approx. 100,000 the resuits change 
dramatically. 

• 

• •Simple CSP 
• Deta'iled CSP 

.1 

0 50,000 100,00 150,00 200,00 250,00 300,00 350,00 400,00 
0 0 0 0 0 0 0 
Number of grkt points- : . 

Figure 5: Investigation of grid point independence. 
i ·. "I 1:. 
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The above menµoned · gridpoint ,, 
investigation includes both types of CSPs . .- ··' 
In fact, the result obtaine!i with the simple 
CSP is very close .to. the measl.jred vatu • · * 
whereas the more detailed CSP has ·aJ'I. • 

.. 
that · there .. exists & maximum number 
nece.ssary of gdd points in the cor-.! region. 
Increasing the number :of point� beyond 
lhis number do� uot �hange the result 

" ffi\Lh. 
overshoot of approx. 30-40%. It' 'f!':'lIDS tha1, • , 

the geometry is not-1 the mahrrea·.; n .;for' ·• Based on this invesig�ti9 • i< i!> assumed 
deviations. The recta4gular geoa:i.�try ,f 1• .. . . .- that the simp!P. CSP, i ith a number of 
detailed CSP is in fact not.. Very p: ;1�s - ·-;�· J01 ,Qoo - 20f.l,00o g. H p �ir .. , and with 8 
compared to the experlmentS. ;. That� dm, · · 

· 
· eel s: evenly d1s�hu. et! · 'll : \C 'xhalation 

simulated exposures obtani�d wittt::Ut: ··:•... ou il ·�. . . be 11·.11 ·""';, � ; 'A ·all the 
simple CSP are so preci � '.mu.,t. b� , , · . foHowinF:. · , ulaHc r:.'i �i •" • utls seems to 
considered a bit of a coincidep ;e," UJough, ;. -. proai1ce. � tl.�re ·on .i; ::.c.uate s olutions 
since there are a number of�� �ti<;ins �" ''. · . ..iq at the :aiUe np1�> 1. ·.asonar-lv economic 
involved in the simulations;rnamcly) ·��� • ,,.:./-..calc latio1n �!es.' ·:'h� n�1 ·be-; of. 100,000 
lack of intermittent, pulsating breathing . grid points is used for t!ie distance of 0.4 
The col:le itself· ·also iirch.rdes some m, at increasing ·distance� the number of 
inaccuracies (se the discussion later). gridpoints in the x-direction between the 

. ·:• . two manikins is increased proportionally 
�ore region with the distance. 
l,n the ab9ve qtlculations, grid points were 
C<?ncentrated i.n the area hetwe��r.�he two 
QSPs, ���,r�as. they were more scarce in 
the areas around and above r \the CSJ>s 
(because of the structured rectangular grid 
distributiop, however, , .. the.re is � 
c<;>��!4eraRle .�ast;r.�?f gi;id. ppil\ts) . . Apart 
fr?m the �density�.ofgridpoi�ts betwe.en the 
t\1(9: C$Ps, )he grid. ,, pe��ity ir • the 
ex�al�ti9n< 9.Utlet proves. tq,. be'..Jmportance, 
see figcires 6 a.pd 7. It .js �nefigi� to .use .a 
high nump�r of grid ,poii:its i9: .this regiQn;· 
For a given grid density, however, it seems 
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Parameter.variations i' :·, . ; 

1. Inhalation ' . :> · 

Two simulations' are made without air 
being extracted through the inhalation of 
CSP no. 2. The simulations are made for 
Ax = 0.4 m and 0.6 m, with exhalati0n 
through the mouth of CSP· no . 1. The 
simulated exposures are 2-3 times' as large 
as with air being inhaled, proving•that this 
is an important detail, at least in this type 
of. situation. Inhalation is :used . . in . all·-Other 
simulations. 
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Grid points In exhalation (y-z plane) : 

Figure 6: Dependence of grid points in core region 
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Total _____. 30,00� 
In core 
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100,000 
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Figure 7i Developin�nt of exhalation jet with different grid distributions. Contour 
lines represent equal concentrations in all cases. . 

1'.. 

dramatic effect on the simlll�ted exposUl'e, 
2. Excess temperature of exhalation which drops to 0.07 - 0.03 for the distances 
There is a slight difference ( < 1 % ) 0.4 . ,. 1.0 m. When the flow rate is 
betw.een the dens\ty of exhalation air in the increased, however, the difference 
experitnents and in . real life, which diminishes� see figure 1 1. 
corresponds to a temperature difference of 
max. 3 °C.' The results are tc,sted for 
sensitivity towards changes in exhalation 
temperature, see figure 8. The resultS 
indicate that this parameter is of 
importance at distances > approx. 0.6 m. 

3.1_Convective heat output 
Since the boundary layer flows around 
persons inter.act with the exhalation flow, 
different con.".�ctive heat outputs are tested, 
see figure 9. The effect' of variations of this 
parameter i� ;9onsjde��Je. i)Vithout any 
beat at all, the simulated personal exposure 
cJcR = 15, i.e. more than twice the 
measured value. 

4. Mouth area of CSP no.I 
The mouth area was doubled (twice ·as 
wide)'in a series of experiments. This has a . 

�· ; j ·:} : �· )' "I 
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Figure 9: Simulat¢ exposure, sensitivity 
to change in'heat {.iufputs, constant distance 
.1x=0.4m. 

5. Pulmonary ventilation rate 
When the flow rate of the air exhaled by 
CSP no. l is inceased; 'a• significant change' 
is seen in the simulated esposure, see · �� 

figures 10 �d 11. ; .,, 

9 
D Experiment · 

8, ,, ( 

7 A Flow= 100% 

cc • Flow = 11 0% � 6 • ... � 5 D ! 
::s 4 • "' LS. 0 
c.. 3 ><I 

w 
. 2  � • 

1 0 0 
0 

o.4 o.6 o.� 1.0 1.2 1.4 
Distance [m] 

Figure 10: Sensitivity to change in flow 
rate of eihaled,air. 

6. Nose exhalati�n· J t. ,-, 

When, s�ulating !lif e�haled through the 
nose, the mouth was made double as wjde, 

,,� . .. - � .. 
and the exhalation was forced to leave the 
opening with a 45° downward inclination 
and a 15° horizontal inclination, 
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correspo:ri:ding to the exper"ments. This 
produces rather poor results for distances 
larger than 0.4 m, see figurt:. 12. The 
simulations in this situation had some 
convergence problems, and no further 
simulations were attempted. 
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: ; Fi.gure 11: Sensitivity to: changes iri: ,flow 
rate, constant distance ax = 0.4 m. 

� 

·�a: � 
u"' 

-
� 
·;;::· 
0 
Q. 
)( 

w 

., ', 

" 

t o.4 "o:a' ·''"·o.a· 
· · ,, Dlstailce [m] · 1: 

Figure 1:2: Exhalation thidugh nose 
t J ·j 'I{ . •  · I')'' ; t 

"· _: j 

,1 :. " I 

DISCUSSION 
\ ' :• .. .. 

1.0 

'· 

Several aspecU;, ,o.f. the sim�la�ion�: .do, not' 
cori:espond well to <realit,y., I.ogarithmic · 

wall functions are used, however, this will 



give poor predictions of the flow in areas 
with low local Reynolds numbers, e.g. in 
the lower parts of the boundary layer flow 
close to the human body. It might be better 
to use a low Reynolds model, but this was 
not possible for practical reasons (CPU 
time). The same problem arises with the 
steady-state assumption: It would be better 
to use transient calculations, but again, this 
would demand an increase in CPU time 
beyond what was possible. Also, the k-E 
turbulence model does not resolve the 
turbulent eddies in the flow, which might 
be of importance when considering 
contaminant exposure. The geometries in 
the simulations are much simpler than 
reality. It might be better to have body 
fitted grids, but the FLOVENT code does 
not support this feature. 

Io spite of the principal limitations of the 
present simulations, it was possible to 
simulate results which are physically 
realistic, although not completely accurate 
when compared with full-scale 
measurements. For this reason, it is 
concluded that the simulations are 
adequate for testing sensitivity to certain 
parameter variations, which was the main 
objective of this research. The grid 
distribution is paramount; an inadequate 
number of grid points will have a severe 
influence on the accuracy of the results. 
This is a problem in all CFD work which is 
sometimes neglected, probably because it 
is so time consuming. 

The simulations show that the simulated 
personal exposure is very sensitive to 
variations of the investigated parameters: 

• convective heat outputs 

• cross-sectional exhalation area 

• pulmonary ventilation rate. 

Furthermore, the results indicate that the 
simulated exposure is not very sensitive to 
variations of exhalation temperature at 
small mutual distances, but more so as the 
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distance increases. However, since only a 
narrow range of temperatures are relevant 
to this problem, this parameter (and other 
parameters influencing the density of the 
exhaled air (as e.g. humidity and C02 
content) can be considered as less critical. 

The results suggest that one should not 
focus so much on the exact measured 
values when evaluating the practical 
importance of the experiments, but rather 
look at the qualitative aspects, namely that 
the exhalation does not necessarily follow 
the convective flows close to the body, but 
is able to penetrate the breathing zone of 
other persons located nearby. 

It would have been interesting to look at 
the effect of breathing towards the side or 
back of another person at different angles 
and with varying vertical and horizontal 
inclination of the exhalation jet, but it is 
deemed that the computational model is 
not ideal for this type of problem, 
considering the problems encountered in 
simulating exhalation through the nose. 
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